A new myelotomy knife is described and a procedure, designed to sever certain reflex connections while preserving as many corticospinal connections as possible, is presented. Through intermittent dorsal midline incisions the gray matter lateral to the central canal is severed bilaterally under the microscope from L-1 to S-1. This procedure relieved mass spasms and hyperactive reflexes in 14 paraplegic or tetraplegic patients, but preserved postural reflexes and whatever voluntary motor power the patients had prior to myelotomy. Before myelotomy all patients were bedridden. Afterward nine patients wereable to use a wheel chair and five were able to walk with the use of parallel bars or crutches.
Laitinen and Singounas ~~ also adopted this approach. In 1969, Rothballer 18 introduced another procedure, bilateral dorsolateral longitudinal myelotomy, in which the incision is made between the dorsal horn and the lateral corticospinal tract. The procedure which we advocate, first reported in 1971, 24 with additional cases reported in 1973, 25 uses intermittent dorsal midline incisions. This procedure not only interrupts the lumbosacral reflex arcs but also spares certain useful motor connections necessarily destroyed in other procedures.
Preliminary Study
To determine the exact dimensions of the cord segments on which we would be operating, the lumbosacral enlargements of S. Yamada, et al. 12 cadavers were removed, fixed in formalin, cut into segments, and carefully measured. The lengths of the segments are shown in Table 1 , the distance from the posterior midline surface of the cord to the central canal in Table 2 , and the width of the gray matter from one lateral margin to the other through the central canal in Table 3 . See also Figs. 1 and 2.
Description of Knife
The knife designed for this operation has a double-edged blade joined at a right angle to the handle* (Fig. 3) . The blade is 0.5 m m in width and not m o r e than 0.35 m m in thickness; different knives have bl/ldes 2.0 mm, 3.0 mm, or 4.0 m m in length. Usually a knife with a 3.0-mm blade is used, but if the cord is unusually large or small, the other blades are recommended. The four surfaces of the knife handle are numbered 1 to 4, to enable the operator to maintain orientation of the position of the blade when it is within the cord; side 1 is the side of the knife from which the blade projects. The knife handle is marked at intervals of 1.0 m m for a distance of 20 m m from the blade to enable the operator to determine the depth of insertion. A movable rubber ring on the handle can be adjusted to the desired marking as an aid in controlling the depth of the knife.
Operative Technique
With the patient under general anesthesia and in the prone position, a laminectomy is performed at T10-12. The dura is opened in the midline, thus exposing the entire length of the cord segments of L1-S1. The T-12 nerve root is identified at the foramen of exit. The arachnoid m e m b r a n e is cut lateral to the spinal cord on one side for the length of the dural incision. To determine exactly the upper limit of the L-I cord segment, the T-12 root is traced from its intervertebral foramen until its dorsal rootlets attach to the cord. The lowest of these rootlets indicates the T12-L1 junction. The limits of the remaining lumbar and first sacral segments are determined by *The right-angled myelotomy knife with doubleedged blade was designed in conjunction with Mr. the slope and the manner of attachment of the dorsal rootlets. It should be noted that the dorsal rootlets of T-12 converge as they leave the cord, whereas the lowest T-12 rootlet and the uppermost L-1 rootlet diverge as they leave the cord. The dorsal rootlets of contiguous segments below this level diverge in a similar manner. An additional criterion for the identification of the S-1 segment is that whereas the dorsal rootlets of other segments approach and end directly in the dorsolateral sulcus, those of S-1 swing slightly medial to the sulcus before turning back to end within it (see Fig. 1 ). Under microscopic observation, the arachnoid is reflected away from the operative site after the trabeculae spanning the subarachnoid space have been severed with microscissors. Its tributaries (but not the posterior spinal vein itself) are then coagulated with the Malis bipolar coagulatort tMalis bipolar coagulator manufactured by Codman and Shurtleff, Inc., Randolph, Massachusetts 02368. (Fig. 4) . The upper limit of each incision should be 5.0 mm below the lower limit of the preceding incision. In the L-3, L-4, and L-5 segments the myelotomy knife is inserted to a depth of 4.5 mm rather than 4.0 mm as in other segments (Fig. 2) . Before and after sectioning the gray matter of each cord segment, the dorsal roots are stimulated with a nerve stimulator~t to evaluate reflex responses of the appropriate muscle groups. After section of each segment, :[:Nerve stimulator manufactured by Codman and Shurtleff, Inc., Randolph, Massachusetts 02368.
reflexes should be greatly reduced and, after completion of the myelotomy with section of the last segment (S-l), such responses should be eliminated. U p o n completion of the procedure and the stimulation studies, the arachnoid is carefully replaced over the dorsum of the cord, the dura is closed in a watertight fashion, and the operation is completed in the usual manner.
Results
Between 1969 and 1974, 14 paraplegic or tetraplegic patients, 12 men and two women, ranging in age from 23 to 55 years, were operated on in the manner described for muscle spasms of the lower extremities or a combination of spasms and decubiti. Eight of these patients were at the Medical University of South Carolina and Veterans Administration Hospital, Charleston, South Carolina, and six at L o m a Linda University Medical Center. One patient (Case 6) had previously had a tenotomy of the hip and knee flexors and adductors bilaterally with only temporary relief of his spasms. After the operations there were no operative mortalities or serious complications.
Motor Ability
Before operation all patients had had severe flexor spasms or a combination of flexor-extensor spasms for a period ranging from 6 months to 22 years (Table 4) . These spasms, intractable to any medication, were so violent in some cases that they would throw the patient out of bed. Immediately following the surgery and subsequently, all were free of the spasms, although one patient with an especially long cord (Case 11) required a second operation to extend the m y e l o t o m y . Deep t e n d o n reflexes were abolished or rendered hypoactive in all patients. Postural reflexes, le in which the legs are straight when the patient is lying supine but flex when he is sitting up, were retained in all patients, but were most evident in those with lesions in the cervical or upper thoracic cord (Cases 1, 2, 4, 7, 8, 13, 14) .
Before m y e l o t o m y all had b e c o m e bedridden by the time the mass spasms developed, although three were able to use a wheel chair occasionally. Postoperatively none were bedridden: nine were able to use a wheel chair, two could walk with the aid of parallel bars, and three could walk with leg braces and crutches. There was significant improvement in voluntary movement in the three patients who progressed to crutch walking and some improvement in two of the wheel-chair patients. One patient (Case 10) was able to get around to some extent without his crutches.
Decubitus ulcers
Prior to m y e l o t o m y seven patients had sacral or t r o c h a n t e r i c decubiti. Postoperatively, the decubiti healed spontaneously in three and after a rotation flap procedure in four.
Sensation
All patients had a sensory disturbance ranging from diminished sensitivity to one or more modalities, to total absence of sensation over a large portion of the body. In all cases but one, sensory function was neither improved nor worsened by the procedure. One patient with multiple sclerosis (Case 9) had some sensitivity to pinprick that was necessarily lost after operation.
Bladder Control
Two patients had an ileal conduit after spasms developed. After the operation, bladder control in 12 patients was as good as or better than it was before the spasms developed and they became bedridden (Table  5 ). Among these, six patients have been trained for bladder self control, one patient (Case 10) is usually able to maintain voluntary bladder control. Two male tetraplegic patients were dependent on an external catheter before and after the procedure. One male paraplegic patient still uses a catheter but will probably become trained in time. The two women in the series use a Foley catheter.
In the first eight patients cystometrograms were taken before and after myelotomy and no changes were noted.
Erection
Erection was possible before and after the operation in all male patients, except one who had been unable to achieve erection since the onset of paraplegia.
Discussion
In a preliminary series, reported earlier/s six paraplegic or tetraplegic patients were relieved of mass spasms but were left with completely flaccid lower extremities after a lateral longitudinal myelotomy, Bischof's 1 original procedure. We therefore felt it necessary to modify the procedure for patients with some residual motor power in the legs, and began to search for other ways to transect reflex arcs in the gray matter. Although the procedure that we devised is similar to those of certain others with a dorsal midline approach, we were not aware of them at the time, and there are certain significant differences in our procedure that spares some additional neuronal connections. Pourpre's" dorsal midline incision completely severs the right from the left half of the cord segments involved. Bischof's 2 dorsal procedure and that of Laitinen and Singounas, TM like ours, extends only to the central canal and does not cut the anterior white commissure. Other procedures involve a single, continuous dorsal midline incision, whereas ours uses intermittent incisions, thus sparing many fibers that cross the midline dorsal to the central canal.
In 1973, Laitinen s'9 introduced a myelotome that projected a knife into the spinal cord at the turn of a button. This instrument is also used to produce intermittent incisions, but, because the spinal cord offers a certain amount of resistance to the knife blade, we believe that, in our hands (SY), manual use of the knife permits more precise control of the blade.
Incoming fibers from muscle spindles end directly on motor cells, as the afferent arm of myotatic or stretch reflexes; activation of such reflexes causes the muscle to contract? According to McCouch, et al., TM sprouting of the terminal portions of afferent fibers to fill the gaps left by degeneration of descending tracts is a major cause of the spasticity of paraplegia. Such connections, which traverse the gray matter, are severed by the myelotomy.
After myelotomy mass spasms were well controlled in all our patients. Without the disabling muscle contractions, certain motor abilities became evident. Postural reflexes, such as those seen by Pollack, et al., TM in their patients, were observed, especially in patients with cervical or upper thoracic cord lesions. For patients confined to a wheel chair, such reflexes are useful in flexing and extending the legs in a semipurposeful manner when they move from bed to chair and back. These reflexes may be retained because of intersegmental connections in the white matter of the spinal cord, particularly in the fasciculus proprius.
Corticospinal fibers are concerned with discrete voluntary movement. From 70% to 90% of these fibers cross in the pyramidal decussation and descend in the dorsal portion of the lateral funiculus, as the lateral corticospinal tract. For the most part the fibers related to the lower extremities are in this tract) In monkeys most lateral corticospinal tract fibers enter the ventral horn and synapse directly with the large motor cells, although some fibers pass dorsal or ventral to the central canal and terminate in the gray matter on the other side on ventral horn cells that supply proximal extremity muscles. 11 Between 10% and 30% of the corticospinal tract fibers descend directly in the ventral corticospinal tract. Most of these fibers cross through the ventral white commissure at the level of their termination. Usually they do not descend into the lumbosacral enlargement. However, in those individuals in whom the ventral corticospinal tract is relatively large the fibers may reach the lumbosacral enlargement and end contralaterally on motor cells that supply lower extremity muscles?
Bischof's lateral myelotomy 1 necessarily severs the homolateral lateral corticospinal tract fibers before they enter the ventral horn. Thus, all or most of the connections for voluntary movements of the lower extremity on that side are eliminated. In Pourpre's operation ~7 the midline incision spares the homolateral lateral corticospinal tract connections but severs all the fibers that cross dorsal and ventral to the central canal in the lumbosacral enlargement, including whatever ventral corticospinal tract fibers reach the lumbosacral enlargement and Bischof's dorsal procedure ~ and that of Laitinen and Singounas 1~ spare both the homolateral lateral corticospinal tract fibers and the ventral white commissure, but eliminate whatever fibers cross dorsal to the central canal. Our procedure spares whatever connections are retained in other procedures. In addition, because the dorsal midline incision is intermittent, it also spares some of the lateral corticospinal tract fibers which cross dorsal to the central canal. In five of the 14 patients in our series, some voluntary control of the lower extremities was possible after the operation and three of these patients were able to walk with the help of leg braces and crutches.
Seven of the 14 patients had one or more decubitus ulcers that could not be treated properly because of the mass spasms. After myelotomy the decubiti healed in three patients without further intervention, and in four others control of the mass spasms permitted rotation flaps for treatment of the decubiti. It should also be noted that the level of laminectomy (T10-12) is far enough away from the sacral and trochanteric decubiti that there is no danger of infection from. these sources.
S. Yamada, et al.
Reflex emptying of the bladder is a function of the sacral spinal cord ($2-4). Sympathetic connections from LI-3 play little or no part in bladder control, ca2 Although the caudal portion of the spinal cord (S-1 and below) is small, it is important to save these segments to preserve bladder reflex connections. For the relief of the mass spasms it is only necessary to sever reflex arcs as low as S-1, thereby sparing the vital $2-4 segments for bladder reflexes. Descending connections in the lateral funiculus between the ventral and dorsal horns, 4 and other fibers descending in the lateral corticospinal tracP ,6 provide control of the bladder function and regulation of bladder reflexes. The degree of voluntary control of the bladder retained in one case (Case 10) must have occurred because of the sparing of these descending fiber connections.
This operative procedure to free a patient from his incapacitating muscle spasms while preserving whatever motor control is possible requires that certain essentials are observed:
1. Identification of cord segments L1-SI 2. Careful isolation and displacement of the arachnoid and the posterior spinal vein away from the midline so that the dorsal median sulcus can be identified; if the vein is coagulated it is not possible to see the sulcus; use of a surgical microscope is essential for this stage 3. Strict observance of the measurements of the cord in performing the myelotomy.
